Tensile and high cycle fatigue tests of NiCo thin films  by Park, Jun-Hyub et al.
Available online at www.sciencedirect.com
ICM11 
Tensile and high cycle fatigue tests of NiCo thin films 
Jun-Hyub Parka, Yun-Bae Chunb, Yun-Jae Kimb, Yong-Hak Huhc and Dong-
Joong Kangd, a* 
aDepartment of Mechatronics Engineering, Tongmyong University, Busan, Korea 
bDepartment of Mechanical Engineering, Korea University, Seoul, Korea  
cDepartment of Metrology for Quality Life, Korea Research Institute of Science and Standards, Taejon, 305-600, Korea  
dSchool of Mechanical Eng., Pusan National University, Jangjeon-dong, Geumjeong-gu, Busan, 609-735, Korea 
 
Abstract 
This paper represents the results of tensile and fatigue tests of NiCo thin films, to investigate the effect of size on 
mechanical properties. The “dog-bone” type Specimen with reduced section widths of 50 Pm and 150 Pm were 
fabricated on two 6 inch wafers using electro-plating process and MEMS processes. The NiCo film thickness of one 
wafer was 7.23 Pm. The elastic moduli of the NiCo thin film specimens were about 183±4.1 GPa for the 50 Pm 
specimens and about 148±8.4 GPa for 150 Pm specimens. The ultimate tensile strengths for the 50 Pm and 150 Pm 
width specimens were 2431±87.8 and 2348±93.3 MPa, respectively. However, the difference between the tensile 
strengths of the specimens is low, at 3.3%. Fatigue tests were performed with 2 or 5 Hz in atmospheric air at room 
temperature under axial loading at a load ratio of R (=Fmin/Fmax) = 0.1 in a load-control until complete failure. Fatigue 
strength coefficients of the specimens with 50 and 150 Pm width were 1785 and 1257 MPa, respectively. In addition, 
fatigue strength exponents of the specimens with 50 and 150 Pm width were í0.0818 and í0.0629, respectively. 
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1. Introduction 
Thin films are widely employed in microelectromechanical systems (MEMS) and integrated 
microelectronic components. Determining the reliability of MEMS requires determining the relevant 
mechanical properties of the MEMS components, such as elastic and plastic tensile properties, fatigue 
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properties and so on. One notable point is that components in MEMS devices are small enough to be 
measured in Pm, and that their mechanical properties are not the same as those for bulk materials, as 
mechanical properties at the micro-scale depend on the size and fabrication process [1,2]. Thus, it is 
essential to perform mechanical tests, as tensile and fatigue tests, in order to obtain relevant mechanical 
properties. 
Several mechanical testing methods for micron-sized specimens have been proposed.  Some notable 
techniques include the microscale tension test, axi-symmetric plate bend test, micro-beam bend test, M-
test, wafer curvature measurements, dynamic (resonant) tests, fabrication of passive strain sensors, and 
Raman spectroscopy. Srikar et al [3] critically reviewed these methods and suggested a rational approach 
for the selection of test techniques for the design of micro-systems. A round-robin test at five different 
Japanese institutions, for single crystal silicon, polysilicon, thin film nickel and thin film titanium, 
suggested that, in tensile testing of micron-sized specimens, the method used for gripping samples is in 
fact very important [4]. In light of this finding, the authors of the present paper proposed a new specimen, 
test procedure, and test machine for tensile testing of micron-sized specimens and reported test results for 
the specimen, procedure, and machine [5-8]. 
The NiCo thin film has recently become a widely used material for MEMS devices, such as probe tips. 
Notably, when the film is used as a probe tip in a wafer probe inspection system, the film is repeatedly 
subjected to mechanical and thermal stresses and often fails. Therefore, information regarding the 
mechanical properties of the film is necessary to help design a reliable probe tip structure. In this paper, 
tensile tests were performed on NiCo thin film to obtain the tensile properties. To investigate the width 
effects and wafer effects, specimens with two different widths (50 Pm and 150 Pm) were tested. 
2. Specimen and test 
2.1. Specimen 
Due to fabrication difficulties, not all of the dimensions of the specimen used in this experiment 
complied with ASTM dimension standard. However, the shape of the conventional “dog-bone” tensile 
test specimen was designed based on ASTM E466-96. The 29 of the specimens had 50 Pm wide reduced 
sections and 22 specimens had 150 Pm wide reduced sections. All specimens were designed on a 6 inch 
wafer. The length of a reduced section was 1000 Pm, and the radius of the blending fillet was 1000 Pm to 
minimize the stress concentration of the specimen. The width and length of the grip section were 4000 
Pm and 3500 Pm, respectively. 
As noted, one important issue to be resolved in tensile and fatigue tests of micron-sized free standing 
specimens is the gripping method. In the present work, the specimen suggested by the authors of the 
present paper [5], shown in Fig. 1, is used. As shown in Fig. 1, structures are connected with the grip ends 
of the specimen so as to protect the test film from fracture due to residual stress of very brittle passivation 
layers, such as SiO2 or Si3N4. The specimens were fabricated by using MEMS process. The NiCo thin 
film was deposited by the electro-plating and consists of about 66.2% Ni and 33.8% Co. 
2.2. Test Method 
The tensile and fatigue tests were performed by using the microtensile-testing machine developed by 
the authors, equipped with a load cell for measuring load, a capacitance sensor for measuring 
displacement between grips and a CCD camera for measuring extension of gage length, as shown in Fig. 
2. The microtensile-testing machine has been described in detail elsewhere [5]. The range and rated 
output of the load cell are 500 mN and 0.1 mV/V/g, respectively. The range and nominal scale factor of 
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the capacitance sensor are 250 Pm and 25 Pm/V, respectively. The specimen was mounted to the 
specially designed grips and was aligned using pins and bolts. For these tests, the programs were 
developed with a closed-loop control function. The extension between grips was measured using a 
capacitance displacement sensor and load was measured using a load cell. The signals were then recorded 
into a computer using an A/D converter. 
 
 
Fig. 1. Schematic diagram of specimen                                             Fig. 2. Photograph of the developed tensile tester 
 
3. Test results and discussions 
3.1. Tensile Tests 
The tensile tests were performed for the 50 and 150 Pm width specimens. The average thickness of the 
NiCo films was 7.23 Pm. The length of the reduced section was 1000 Pm. The 3 samples for each width 
were tested in atmospheric air at room temperature. The rate of load application was constant, 11.0 MPa/s. 
Load and extension between grips were measured and saved to the PC simultaneously using an AD 
converter with a 200 Hz sampling rate. The extension of gage length was also directly measured using 
CCD camera with a 1 Hz sampling rate during the tensile test.  
 
Table 1. Results of tensile test of NiCo thin films  
Width 
(Pm) 
Elastic modulus 
(GPa) 
0.2% offset yield strength 
(MPa) 
Ultimate tensile strength 
(MPa) 
50 183 ± 4.1 2013 ± 152.0 2431 ± 87.8 
150 148 ± 8.4 1943 ±   73.0 2348 ± 93.3 
 
In this study, the extension between grips with the deflectometer (the capacitance sensor) and the 
extension of gage length with a CCD camera was measured simultaneously. To obtain the mechanical 
properties, the extension between grips was primarily used because the capacitance sensor has a higher 
resolution and sampling rate than the method using a CCD camera. The capacitance sensor is the better 
1306  Jun-Hyub Park et al. / Procedia Engineering 10 (2011) 1303–1308
for higher resolution. However, the extension between grips measured using the capacitance sensor can’t 
be directly used in calculating the strain. Therefore, the main tensile properties of a material, such as 
elastic modulus, yield strength and tensile strength, which were extracted from the converted engineering 
stress-strain curve were verified by comparison of results between the two extension measurement 
methods [8]. From the engineering stress-strain curves, tensile properties were obtained, as shown in 
Table 1. 
Table 1 shows that there is a difference in the elastic modulus between widths of the 50 Pm and 150 
Pm. The elastic moduli of the NiCo samples are 183 GPa for 50 Pm width and 148 GPa for 150 Pm width, 
which are less than the bulk value of 207 GPa of the pure Ni [9], but which is between the elastic moduli 
of 113~202 GPa of the LIGA Ni MEMS structure [4,9]. The higher elastic modulus of the narrower 
specimen is attributed to the differences in the width of the two kinds of samples. The location of the 
sample in the 6 inch wafer was different according to width. The 50 Pm width samples were located in 
the top of the wafer and the 150 Pm width samples were located in the center of the wafer. There is a little 
difference in the elastic modulus according to sample location within the wafer. 
There are small difference in the yield strength and ultimate tensile strength according to width, as 
shown in Table 1. The samples have the yield strength of 1943~2013 MPa, which is much greater than 
the 59 MPa of Ni bulk and the strength of 323~620 MPa for the LIGA Ni MEMS structure [9]. 
Furthermore, the samples’ ultimate tensile strength of 2348~2431 MPa is much greater than the 317 MPa 
of Ni bulk [9] and the strength of 540~2180 MPa for the LIGA Ni MEMS structure [9]. It has been 
reported that the yield strength and ultimate tensile strength depend on the fabrication process and the 
film thickness, and that they are increased by precipitates such as NiCo. It is well known that stiff 
precipitates, such as NiCo in the present case, block dislocation movement through a soft matrix, thereby 
increasing the yield strength [10]. This alloy effect is potentially of practical importance for MEMS 
applications because one can improve the strength of a Ni membrane while only slightly diminishing its 
conductivity [11].  
3.2. Fatigue tests 
Fatigue tests were also performed for the 50 and 150 Pm width specimens. The specimens were same 
specimens in tensile tests. The high cycle fatigue tests were performed with 2 or 5 Hz frequency, in air at 
room temperature environment. Load control was selected because reversible strain control requires 
compression as well as tension, and these freely suspended thin films could not be compressed. The 
fatigue cycles were tension-tension with a mean stress, at stress ratio, R = 0.1. To complete a S-N curve, 
the 4 levels of stress amplitude was estimated and 2~3 samples at each level were tested. 
The fatigue strength coefficient and the fatigue strength exponent can be calculated using regression 
analysis in Fig. 3 based on ASTM E739-91. The stress-life relation in high cycle fatigue is usually 
expressed linearly on a log-log scale as follows,  
 
f = (2 )
b
a fS NV c , 
 
where Sa is the stress amplitude, Vf’ is the fatigue strength coefficient, and b is the fatigue strength 
exponent. Table 2 shows the fatigue strength coefficient and exponent for the 50 and 150 Pm width. 
When fatigue life prediction is performed, which method should be selected for considering mean 
stress is important. For considering mean stress, several methods such as Goodman, Gerber and Sodeberg 
method have been suggested as followings; 
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where, Sa is stress amplitude, Sm  is mean stress, Su is ultimate tensile strength, and Salt is alternating 
stress. 
There is more difference in fatigue properties between widths than tensile properties. It says that the 
fatigue properties are more sensitive to size of specimen. There is great difference on the width in the 
fatigue strength coefficient of the high cycle fatigue properties which is depend on the ultimate tensile 
strength. Generally, the fatigue strength coefficient should be 1.3~2 times the ultimate tensile strength in 
most of bulk materials. However, the fatigue strength coefficients in case of 150 Pm width do not satisfy 
the condition. Particularly, the trend can be shown in the fatigue properties obtained by the amplitude-life 
curve regardless of width. The fatigue properties obtained by the amplitude-life curve and Soderberg 
method has larger scatter than Goodman or Gerber method, although it can’t be seen as a figures for lack 
of space of paper.  Therefore, it is necessary to consider the mean stress when designing a MEMS device 
of NiCo thin film under variable load history.  
 
                
(a)                                                                                    (b)  
Fig. 3. The stress-life curves of NiCo thin film; (a) 50 Pm width, (b) 150 Pm width 
 
Table 2. Results of fatigue test of NiCo thin films  
Width 
(Pm) 
Amplitude stress Goodman method Gerber method Soderberg method 
Fatigue 
strength 
coefficient 
Fatigue 
strength 
exponent 
Fatigue 
strength 
coefficient
Fatigue 
strength 
exponent 
Fatigue 
strength 
coefficient
Fatigue 
strength 
exponent 
Fatigue 
strength 
coefficient 
Fatigue 
strength 
exponent 
50 1785 -0.0818 4686 -0.1265 2716 -0.1055 9694 -0.1655 
150 1257 -0.0629 2666 -0.0960 1697 -0.0800 4503 -0.1233 
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4. Conclusions 
Micro-mechanical properties of NiCo thin films with various widths were evaluated by tensile and 
fatigue tests. The elastic moduli of the NiCo thin films are about 183 GPa for 50 Pm width and 148 GPa 
for 150 Pm width. The 50 Pm width samples were located in the top of the wafer and the 150 Pm width 
samples were located in the center of the wafer. Differences in the yield strength and ultimate tensile 
strength according to width are negligible. There is more difference in fatigue properties between widths 
than tensile properties. It says that the fatigue properties are more sensitive to size of specimen. There is 
great difference on the width in the fatigue strength coefficient of the high cycle fatigue properties which 
is depend on the ultimate tensile strength. It is necessary to consider the mean stress when designing a 
MEMS device of NiCo thin film under variable load history 
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